In this work, a successful synthesis of magnetic cobalt ferrite (CoFe2O4) nanoparticles is presented. The synthesized CoFe2O4 nanoparticles have a spherical shape and highly monodisperse in the selected solvent. The effect of different reaction conditions such as temperature, reaction time and varying capping agents on the phase and morphology is studied.
1.

Introduction
The magnetic nanoparticles with spinel structure MFe2O4 (M = Fe, Co, Mn, Zn, Ni ...) have been widely studied for their properties compatible with various applications ranging from data storage to biomedical applications [1, 2, 3, 4, 5] . Recently, a special interest is devoted to magnetic nano-object materials [6, 7] , because they endorsed interesting magnetic properties, with the possibility of tailoring their functionalities, by controlling the shape and morphology.
Particularly, magnetic nanoparticles (MNPs) can be tuned in a straight forward manner by the control of the size, monodispersity, chemical composition, as well as the adequate synthesis route, which is desirable for advanced magnetic nanodevices or magnetic hyperthermia.
It is worthy to mention that a monodomain nanoparticle has a permanent magnetic moment, which is the sum of all magnetic moments of the atoms constituting it. However, during the structuring of the magnetic monodomain, the reduction of the total number of atoms (on the nanometric scale) leads to an increase in the contribution of surface atoms that do not have the same environment as in the core of the nanoparticle.
The critical diameter dC from which the particle can be considered as a magnetic monodomain is defined by Frey et al. [1] :
Where Keff is the effective anisotropy and A is the exchange constant. 0 is the vacuum permeability and is the saturation magnetization. is in the range of 10-100 nm.
The contribution of surface effects affect the magnetic properties of the material [8] .
Indeed, in addition to the core spins as in the bulk material, the nanoparticles have surface spins, that creating supplementary interactions. Therefore, for controlling the physical and chemical properties of nanoparticles, it is necessary to control the size, morphology, monodispersity, and chemical composition of the nanoparticles.
For instance, cobalt ferrite has a ferromagnetic behavior at ambient conditions, with high magnetic coercivity [8] , a high Curie temperature at the vicinity of 793 K, strong magnetocrystalline anisotropy [8, 9] , as well as a large magnetostriction coefficient [10] . These properties are very attracting for advanced technological devices, namely in data storage and in the biomedical applications. Magnetic order in cobalt ferrite arises from the superexchange interaction between the cations located in tetrahedral and octahedral sites through the oxygen anion. The induced antiferromagnetic coupling between the Fe 3+ cations in the tetrahedral sites and the Co 2+ and Fe 3+ cations in the octahedral sites is strong; although another weak antiferromagnetic coupling is present between tetrahedral Fe 3+ cations [11, 12] . In addition, a weak ferromagnetic coupling also exists between the cations of the octahedral sites. The two last couplings are masked by the interactions between tetrahedral and octahedral sites.
To date, several synthesis methods of MNPs have been developed [13, 14, 15, 16, 17, 18] in an effort to improve the magnetic properties by controlling the size, the morphology, and the composition of the obtained nanoparticles. Among these different routes of synthesis, we have found the co-precipitations, solvothermal, hydrothermal and thermal decomposition which are the most effective ones. The co-precipitation method has been used to synthesize crystals with different morphologies including spherical, cubic and nanorods [19] . Using solvothermal and hydrothermal methods, nanocrystals of iron oxide have been grown as spheres and hexagons [16, 17] . Thermal decomposition method has produced monodispersed nanoparticles of spinel ferrite with a narrow size distribution and good crystallinity [22] . In this respect, the present work reports on the synthesis of CoFe2O4 NPs by decomposition of acetylacetonate precursors at high temperature. Among many advantages of this synthesis route, the ability to control the particle size, size distribution, shape, and phase purity. The thermal decomposition approach has been chosen because the synthesis system is simple with one type of complexes, one type of ligands and a high boiling point organic solvent. The obtained nanoparticles are monodisperse with varied morphologies and sizes.
The CoFe2O4 nanoparticles synthesized with the standard protocol were characterized using many experimental techniques such as ThermoGravimetric Analysis (TGA), X-Ray All the chemicals were purchased from Sigma-Aldrich Ltd. and were used as received without further purification.
Synthesis of cobalt ferrite nanoparticles
Into a 100 mL three-necked flask under nitrogen flow, we placed 4 mmol of Fe(III) acetylacetonate, 2 mmol of Co(II) acetylacetonate, 20 mmol of 1,2-hexadecanediol, 12 mmol of oleic acid, 12 mmol of oleylamine, and 40 ml of benzyl ether. That is to say in proportions five times higher for the hexadecanediol compared to the Fe(III) acetylacetonate and six times higher for the surfactants (oleic acid and oleylamine) compared to the Fe(III) acetylacetonate.
Thermal controlling is carried out using a thermocouple probe to control the temperature and the duration of the high temperature treatment. The reaction mixture was magnetically stirred and degassed at room temperature for 60 min, then was heated and kept at 100 °C for 30 min to remove water. Subsequently, the temperature was increased and kept at 200 °C, for 30 min, then, heated (to reflux) and kept at 300 °C for 60 min. The final mixture is cooled to room temperature and purified three times with ethanol and hexane. A black magnetic precipitate is obtained after magnetic settling. The precipitate is redispersed in 20 ml of hexane and a ferrofluid composed of surfaced CoFe2O4 nanoparticles is obtained. Figure 1 illustrates the thermal decomposition process. It is interesting to note herein that the presence of the used surfactants helps the good dispersion of the obtained NPs in hexane. However, the presence of hexadecanediol helps to initiate the reaction by promoting the decomposition of the metal precursor's acetylacetonates. The choice of benzyl ether as an appropriate solvent for this process because its boiling temperature (298 °C) is higher than the decomposition temperature of precursors. The equation of the reaction is as follows [23] :
According to the equation (Eq. 2), in the presence of oleylamine, oleic acid and 1,2hexadecanediol, thermal decomposition of acetylacetonates of cobalt and iron produced cobalt ferrite nanoparticles, releasing acetone and carbon dioxide as by-products. Figure 1 : Illustration of thermal decomposition method.
Various synthesis parameters described above in the initial protocol have been modified in order to know the influence of synthesis parameters on the shape and size of nanoparticles:
the decomposition temperature, the duration of the heat treatment or the quantity of the reagents.
This also allowed to better understand the role of reagents such as hexadecanediol, oleic acid or oleylamine in the synthesis.
Characterization techniques
In order to get information about the mass loss of CoFe2O4 NPs, thermogravimetric analysis (TGA, TA Instrument Q500) was used to know the percentage and the degradation temperature of the organic molecules on the surface of nanoparticles. The sample was analyzed under an inert atmosphere, the heating rate is 10°C/min, the temperature range is between 25-600°C and the mass used is between 10 and 30 mg. Further, the absorption bands observed in the range 670-3700 cm -1 (see Figure 3) correspond to the vibration bands of the surfactant groups. The bands at 2924 and 2851 cm -1 can be assigned to the asymmetrical and symmetrical stretching of CH2 groups, characteristic of the hydrocarbon chain of the used surfactants. Two bands at 1453 and 1408 cm -1 are observed and correspond to the asymmetric and symmetric elongations of the carboxylate groups (COOstretching). In addition, vibrational modes observed at 3440 and 1611 cm -1 correspond to the angular deformations of the amine groups (NH stretching and NH2 bending, respectively), another band appearing at 702 cm -1 correspond to CH2 wagging.
Results and discussion
In order to verify the spinel structure and to estimate the particle size, X-ray diffraction measurement was carried out. The X-ray diffraction pattern of the synthesized CoFe2O4 ( Figure   4 ) shows that the obtained diffraction peaks correspond well to the spinel structure (JCPDS No. The broad diffraction peaks obtained are expected for such small crystalline domains.
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The Scherrer's formula allows estimating the crystallite size by taking the full width at half maximum (FWHM) of the main diffraction peak (311).
Where  is the X-ray wavelength,  is the broadening at half the maximum intensity (FWHM) of the hkl peak (in our case the 311 peak) and  is the Bragg angle of this peak. Generally, β is corrected according to the formula √β x 2 − β si 2 , where is the experimental FWHM and is the FWHM of a standard silicon sample. The average crystallite size estimated is 11.2 nm. This value can be used to calculate the specific surface area using the formula :
, where A is the surface area, V is the volume of nanoparticle (sphere in our case) and ρ is the theoretical density of CoFe2O4 which is 5259*10 3 g.m -3 [24] . The specific surface area of the synthesized CoFe2O4 nanoparticles is 102.04 m 2 .g -1 .
According to the images obtained by STEM ( Figure 5 ), the synthesized CoFe2O4 nanoparticles are spherical and highly monodispersed. The statistical analysis by ImageJ (macro particle size analyzer), allowed to obtain the histogram giving rise the information about the size distribution of the nanoparticles. We can deduct from the histogram that the average diameter of NPs is around 10.7 nm.
It is worth noting that the mean size calculated from STEM images is in good agreement with that estimated from XRD. This agreement supports that these nanoparticles are single crystals. The slight difference observed between the two techniques could be explained by the fact that for XRD only the largest particles are counted, whereas in STEM, the size distribution with an average diameter is obtained on a limited number of particles (around 550 NPs). To verify the formation of CoFe2O4 phase, energy dispersive X-ray spectroscopy (EDS) was used to analyze the chemical composition as shown in One of the main characteristics of CoFe2O4 nanoparticles is that they are magnetic. In order to study their magnetic properties, measurements were carried out on CoFe2O4 NPs with and without organic molecules. Notice that in order to study CoFe2O4 NPs without organic molecules, we removed the organic molecules surrounded the surface of the nanoparticles by a heat treatment at 400 °C for 2 hours. Figure 6 shows the magnetization curves as a function of the magnetic field at 300K and 10K of CoFe2O4 NPs. As it is clearly seen from the plots, a difference in saturation magnetizations of about 12% is spotted between CoFe2O4 NPs with and without organic molecules. Therefore, the contribution of the organic molecules is estimated at 12%. This value agrees well with that one found by TGA measurement (12.5%). The transition from the superparamagnetic state to the blocked state takes place at a temperature called blocking temperature (TB). This depends on the material, the size of the particles and also on the presence of interparticle magnetic interactions. To determine (TB), the evolution of the magnetization as a function of the temperature is performed under a constant magnetic field of 100 Oe. Figure 7 shows the zero-field-cooled (ZFC) and field-cooled (FC) curves of cobalt ferrite nanoparticles. The CoFe2O4 NPs have a blocking temperature at the vicinity of 300K, which is close to the room temperature. The difference between ZFC and FC magnetizations below TB is caused by the energy barriers of the magnetic anisotropy [25] . The NPs is only 315 Oe at 300 K due to the additional thermal activation energy which decreasing the exchange interaction between spin moment. At 10 K, the coercivity values are in the same order of magnitude as those of CoFe2O4 nanotubes [14] and nanowires [26] fabricated by electrospinning, nanorods synthesized by microemulsion [27] and nanoparticles synthesized by co-precipitation method [28] . Finally, the values of saturation magnetization, Ms, obtained for CoFe2O4 NPs in this work, are in the range of 58 to 65 emu/g. These values are slightly smaller than those of the bulk CoFe2O4 ranging between 80 and 85 emu/g [8, 13] . This magnetization reduction may be explained by the magnetic moment disorder at the particle surface.
It is interesting to note herein that the size and the shape of the obtained particles depend on various parameters such as the quantity of precursors, the temperature or the duration of the heat treatment [13, 18] . More than that, they depend on the oleic acid/ oleylamine ratio and the presence or absence of hexadecanediol.
The fact of the matter, when the amount of the surfactants increases four times compared to the initial protocol, the obtained nanoparticles are smaller (d = 7.3  2.1 nm), but they are polydisperse as seen in figure 9 .(a). Another parameter likely to reduce the particle size is to work under more dilute conditions [29] . For example, a twofold dilution compared to the original protocol, leading to a diameter comparable to the first one (d = 7.8  1.6 nm), but with a lower polydispersity of NPs than those obtained by increasing the amount of surfactants (see Figure 9 .b). On the contrary, for increasing the particle size, we have increased the duration of the heat treatment, Figure 9 .c shows that the size of CoFe2O4 NPs increased from 10.7 nm to 13.2 nm when the duration of heat treatment increased from 60 min to 120 min. This result is in good agreement with the work of Perez-Mirabet et al. [30] . In the meanwhile, another parameter could involve in the control of NPs size, is the nature of the solvent used during the reaction. Baaziz et al. [31] carried out the synthesis with both polar and non-polar solvents having different boiling temperatures. With the non-polar solvents, the authors found that the size of the nanoparticles increased almost linearly when the boiling temperature of the solvent increased, they suggested that the growth step of the particles depends on the temperature of the reaction. However, using the polar solvents, the size of the nanoparticles deviated from this linear growth. The authors concluded that the nature of the solvent has an influence on the nucleation and growth steps of the nanoparticles. That was related to the stability of the formed metal complexes which depends on the interactions with the solvent and its functional group.
Basing in these conclusions, we replaced the benzyl ether (Bp= 298 °C) by octadecene (Bp= 318 °C) to see the influence of the solvent on size and morphology of NPs. We found that the nanoparticles obtained in octadecene have a higher size than those obtained before in benzyl ether. This result confirms the conclusion of Baaziz et al. [31] which says that the nature of the solvent has an influence on the nucleation and growth steps of nanoparticles. Concerning the indispensability of the hexadecanediol, Crouse et al. [32] reported that the absence of hexadecanediol does not influence the particle size, but affects NPs polydispersity. The higher is the concentration of hexadecanediol, the greater the particle size distribution is, and with a linear dependence. In the other hand, Moya et al. [33] reported that hexadecanediol favors the decomposition of acetylacetonate precursors, and therefore nucleation of the particles at lower temperatures. So, the CoFe2O4 nanoparticles obtained without hexadecanediol have a defective crystallographic structure. In this context, we have synthesized CoFe2O4 NPs without hexadecanediol, the STEM image (Figure 9 .d) shows that the synthesized particles without hexadecanediol are slightly larger, more polydisperse than those synthesized with hexadecanediol, and have a poorly defined morphology; which is different from the results described above. The role of hexadecanediol in the synthesis is not clearly defined; complementary supporting evidence are needed to shed more light on its influence. Continuously, in order to study the role of each surfactant in the synthesis, CoFe2O4
NPs were synthesized in the absence of each one. Without oleic acid, the particles are very small and more aggregated (Figure 9 .e), whereas without oleylamine the particles have a poorly defined morphology and are highly polydisperse (Figure 9 .f). We surmise then that oleic acid is a surfactant that stabilizes nanoparticles, and oleylamine provides the basic medium necessary to form oxides of the spinel structure.
Conclusions
In summary, the structural and magnetic properties of CoFe2O4 nanoparticles are presented. The thermal decomposition process allowed us to obtain spherical and monodisperse cobalt ferrite NPs surfaced by organic molecules and stabilized in an organic solvent. Using STEM analysis, we found that their size and shape could be controlled by varying certain parameters such as the synthesis temperature, the quantity, and nature of reagents. EDS and XRD measurements confirmed the formation of CoFe2O4 nanoparticles with spinel structure.
The magnetic investigations revealed a blocking temperature very close to the room temperature, attesting then the room temperature superparamagnetic behavior of the CoFe2O4
NPs with a small coercivity value of about 315 Oe. Otherwise, At 10 K, CoFe2O4 nanoparticles show the intrinsic characteristic behavior similarly to CoFe2O4 nanotubes, nanowires or nanorods.
The results obtained in this work are likely to offer useful information about the preparation and the role of different parameters in this synthesis route of CoFe2O4 NPs, promising for application in magnetic nanodevices and biomagnetic applications.
